21nm x-ray laser Thomson scattering of laser-heated exploding foil plasmas by Dunn, J et al.
LLNL-PROC-403362
21nm x-ray laser Thomson
scattering of laser-heated
exploding foil plasmas
J. Dunn, B. Rus, T. Mocek, A. J. Nelson, M. E. Foord,
W. Rozmus, H. A. Baldis, R. L. Shepherd, M. Kozlova,
J. Polan, P. Homer, M. Stupka
April 30, 2008
Soft X-ray Lasers and Applications VII
San Diego, CA, United States
August 29, 2007 through August 30, 2007
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Disclaimer 
 
This document was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor the University of 
California nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference herein to any specific 
commercial product, process, or service by trade name, trademark, manufacturer, or 
otherwise, does not necessarily constitute or imply its endorsement, recommendation, 
or favoring by the United States Government or the University of California. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or the University of California, and shall not be used for 
advertising or product endorsement purposes. 
 
 
 
 
  
 
 
 
 
21nm x-ray laser Thomson scattering of laser-heated exploding foil 
plasmas 
 
 
J. Dunn 1, B. Rus 2, T. Mocek 2, A.J. Nelson 1, M.E. Foord 1, W. Rozmus 3, H.A. Baldis 4, R.L. 
Shepherd 1, M. Kozlová 2, J. Polan 2, P. Homer 2, and M. Stupka 2 
 
1Lawrence Livermore National Laboratory, Livermore, CA 94551 
2 Institute of Physics / PALS Centre, 18221 Prague 8, Czech Republic 
3 University of Alberta, Edmonton, T6G 2J1, Canada 
   4 Department of Applied Science, University of California, Davis, CA 95616, USA 
 
 
ABSTRACT 
 
Recent experiments were carried out on the Prague Asterix Laser System (PALS) towards the 
demonstration of a soft x-ray laser Thomson scattering diagnostic for a laser-produced exploding foil. The 
Thomson probe utilized the Ne-like zinc x-ray laser which was double-passed to deliver ~1 mJ of focused 
energy at 21.2 nm wavelength and lasting ~100 ps. The plasma under study was heated single-sided using a 
Gaussian 300-ps pulse of 438-nm light (3ω of the PALS iodine laser) at laser irradiances of 1013 – 1014 W 
cm-2. Electron densities of 1020 –1022 cm-3 and electron temperatures from 200 to 500 eV were probed at 
0.5 or 1 ns after the peak of the heating pulse during the foil plasma expansion. A flat-field 1200 line mm-1 
variable-spaced grating spectrometer with a cooled charge-coupled device readout viewed the plasma in the 
forward direction at 30° with respect to the x-ray laser probe. We show results from plasmas generated 
from ~1 µm thick targets of Al and polypropylene (C3H6). Numerical simulations of the Thomson 
scattering cross-sections will be presented. These simulations show electron peaks in addition to a narrow 
ion feature due to collective (incoherent) Thomson scattering. The electron features are shifted from the 
frequency of the scattered radiation approximately by the electron plasma frequency ±ωpe and scale as ne1/2.  
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1. INTRODUCTION 
 
 The understanding of highly ionized matter has required the development of new diagnostics and instrumentation to 
study the high temperature plasma conditions [1]. Optical techniques, later followed by the invention of the laser, allowed 
the probing of hot plasmas by means of visible light and ultraviolet (UV) interferometry [2] and Thomson scattering [3, 
4]. In the latter case this rapidly evolved into robust diagnostic tools for probing plasmas from low electron density, ne ~ 
1012 - 1014 cm-3, magnetically confined plasmas [5, 6] to characterization of laser-produced plasmas at higher densities ne 
> 1019 cm-3, for example [7, 8]. These have become routine diagnostics for determining quantitative measurements of 
plasma parameters including electron density, electron temperature, ion temperature and ion drift velocity ne, Te, Ti, and 
vi, respectively. Typically, the measurements are made at 0.1× nc, the critical density of the probe laser, which has limited 
the useful density, typically 1020 – 1021 cm-3, that can be studied in laser–produced plasmas. 
 Recently, kilovolt x-ray energy probes have been developed to study high energy density plasmas [9, 10]. The main 
goal has been to extend the Thomson scattering technique to near-solid density plasma regimes. This has required the use 
of large laser facilities with multiple beams to generate the heated plasma as well as the significant keV x-ray fluence as 
the Thomson probe. Results were reported using the 30 kJ Omega laser facility [10] where 7 kJ of 351 nm laser light was 
used to generate a 4.75 keV probe to scatter from a radiatively driven beryllium plasma close to solid density. Soft x-ray 
lasers have potential as Thomson probes and have some advantages here. Their critical density is high enough to probe 
densities approaching 1024 cm-3 and so can access similar density regimes open to the keV x-rays. They are highly 
directional and so the laser energy can be transported effectively into the plasma of interest from meters away. The x-ray 
laser beam can be tightly focused onto a specific spatial region of the plasma by using an x-ray mirror: This allows spatial 
resolved probing in a uniformly heated region of a laser-produced plasma. Pulse duration can be in the range of a few 
picoseconds [11, 12] to approximately 40 picoseconds [13] for different lasing schemes. This gives time-resolved 
scattering measurements defined by the x-ray laser pulse duration. A final advantage is that the line is extremely 
monochromatic without adjacent satellite lines that may be present to the long wavelength side of a He-α keV x-ray line. 
An initial study was conducted to look at the possibility of microjoule output picosecond x-ray laser to probe a 500 fs 
heated foil [14]. The objective was to study the feasability of using high resolution spectroscopy to study and spectrally 
resolve the Thomson scattering ion feature [14]. The conclusion was that the x-ray laser intensity had to be sufficiently 
high to overcome the bremsstrahlung continuum from thermal emission. Higher output above 100 µJ to 1 millijoule was 
useful for this type of experiment. 
 We will review a preliminary experiment conducted on the Prague Asterisk Laser System (PALS) where the 100 
MW, millijoule Ne-like zinc 3p – 3s x-ray laser operating at 21.2 nm wavelength is available [15]. A simpler experiment 
is proposed [16] to use a more energetic probe beam to study a laser-heated exploding foil plasma and measure the 
forward-scattered electron features. This relaxes the very high spectral resolution requirement in [14] to detect the 
Thomson scattered peaks. Numerical simulations for the Thomson scattering cross-sections and the hydrodynamic 
simulations of the laser-heated exploding foil under study will be presented in the next section. The experiment will be 
described and results for two different laser-heated foil materials will be presented. The results will be discussed with 
prospects for future improvements. 
 
2. THOMSON SCATTERING AND NUMERICAL SIMULATIONS 
 
 Figure 1(a) shows the basic experimental layout for the laser heated foil. The goal is to heat a ~1 µm thick foil from 
one side using the frequency-trebled PALS Iodine laser at 438 nm wavelength focused to a large spot size to achieve 
uniform density and temperature conditions. After a delay to allow the foil to blow down, the x-ray laser probe is incident 
from the left and focused in the center of the laser heated foil to sample the center of the heated conditions. The 
experimental target chamber layout in this case determined the observation geometry for the forward scattered direction at 
an angle θ from the incident beam. A spectrometer was used to spectrally resolve the Thomson scattered signal.  
 
 
 The Thomson scattered signal can be estimated for the expected plasma conditions of the experiment. The scattering 
cross-section, σ, is fairly low and can be written as σ = σT S(ω) [4, 5] where σT = 8πro2/3 is the scattering cross-section of 
a single electron, ro is the classical electron radius, and S(ω) is the spectral density function. The type of scattering 
whether incoherent non-collective (scattering on free electrons) or collective (scattering on plasma waves) is dependent on 
 
Figure 1: (a) Experimental setup showing laser-heated foil. X-ray laser probe, 1 mJ at 21.2 nm, is incident at time Δt when foil has 
blown down to desired electron density ne ~ 1021 – 1023 cm-3. The Thomson scattered x-ray laser signal is measured by a 
spectrometer viewing at an angle θ. (b) Diagram showing wave vectors defining scattering geometry. The incident probe 
beam ko, and scattered signal ks, and differential scattering vector Δk are shown. 
the relation λXRL < λD or λXRL > λD, respectively, where λXRL is the soft x-ray laser wavelength and λD is the Debye length 
[4, 5]. Kruer [17] writes λD = (kTe/4 π ne e2)1/2 and so scales as 743.4 × (Te(eV)/ ne(cm-3))1/2. For the expected 
experimental conditions as modeled below, Te ~ 400 eV, ne ~ 1021 cm-3 , and λXRL ~ 2.1 × 10-6 cm, then the Debye length 
λD is ~3.3 × 10-7 cm. For higher density conditions the Debye length is always smaller and so incoherent collective 
scattering on the plasma waves is expected. The observed electron satellite features would be observed shifted ± ωpe from 
the central peak where ωpe is the electron plasma frequency. Again from Kruer ωpe is proportional to (4 π ne e2/ me)1/2 and 
so scales as 5.64 × 104 ne(cm-3)1/2. Therefore the shift in the electron scattering feature is proportional to ne1/2.  From Fig. 
1(b) above, the differential scattering vector Δk = 2 ko sin(θ/2) and is used to determine the parameter α where α = 1/( Δk 
λD). The parameter α is dependent on the scattering angle, ne, and Te and defines the shape of the spectrum. For θ~30° 
and Te ~ 400 eV in the experiment, α ~1.4 and 4.3 for ne ~ 1021 cm-3 and 1022 cm-3, respectively. Figures 2(a) and (b) 
show Thomson scattering cross-sections in LTE plasmas with two values of electron density, ne=1021 cm-3 and 
ne=1022 cm-3, at the electron temperature of 400 eV. The simulations, based on classical theory of Thomson scattering [4], 
show that in addition to the narrow central ion scattering feature the spectrum contains well-defined electron satellite 
peaks for a range of scattering angles θ. This figure illustrates some of the above discussion. The electron feature is well-
defined in the forward scattered direction and can be measured with an instrument with moderate spectral resolution. The 
detected scattered signal is estimated to be ~104 photons when using a variable-spaced, flat-field grating spectrometer 
with a thermoelectrically cooled charge-coupled device (CCD) readout. 
 
 
 
 Hydrodynamic simulations were performed for the laser-heated exploding foil target using the 1-D LASNEX code 
[18]. The 438 nm wavelength heating laser pulse was measured to be a Gaussian shape with 300 ps (FWHM) and was 
used as the input. Pure Lagrangian hydrodynamics were used. Laser ray-tracing and deposition packages were included 
with inverse bremsstrahlung as the main absorption mechanism. Radiation transport utilized flux limited multigroup 
diffusion with a flux limiter set at f = 0.05. The foils were zoned with 200 steps inside the target. Thermal conductivity 
and electron-ion coupling were from the Lee-More model [19] and the Quotidian Equation of State (QEOS) was used 
[20]. A 0.8µm aluminum foil and a 1.2 µm polypropylene (C3H6) foil targets, used in the experiments, were studied at 
laser irradiances of 1013 – 1014 W cm-2. Figures 3(a) and (b) are plots showing electron temperature and density conditions 
versus position at different times relative to the peak of the laser pulse for the 1014 W cm-2 case on the 0.8 µm Al foil. The 
laser is incident from the left side and the initial foil position is at 0. It is worth noting that for all irradiances the laser 
pulse does not burnthrough the foils. As a result cold material is left at the back of the target, particularly in the low 
irradiance conditions. The laser ablation launches a cold flyer plate that extends several hundreds of microns drawing an 
extended plasma plume. This creates two distinct density zones that are quite uniform spatially but vary from 1020 – 1022 
cm-3 for 0.5 – 1 ns times after the peak of the pulse, Fig. 3(a). Maximum temperatures above 1 keV are achieved at the 
 
Figure 2: (a) Thomson scattering simulations for λ = 21.2 nm, Te ~ 400 eV, ne ~ 1021 cm-3 at different scattering angles. Narrow 
spectral feature at 21.2 nm is ion scattering peak. (b) Thomson scattering simulations for λ = 21.2 nm, Te ~ 400 eV, ne ~ 
1022 cm-3 at different scattering angles. 
peak of the heating pulse in the long scale length corona and rapid cooling occurs to 300 – 500 eV within 1 ns, Fig. 3(b). 
More uniform density conditions are obtained with delays after the pulse has switched off as the foil blows down. There is 
a long scale length plasma that slowly drops in density with time but is relatively hot. The region at the back of the target 
is at higher density and gradually falls in time. However, the temperature of this region is relatively cold with large 
temperature gradients to the back of the foil, Fig. 3(b). This is confirmed in the experiments where the thermal emission 
lines from the laser-heated front of the foil are observed to be attenuated at the lower irradiances by the cold material at 
the back of the foil. 
 
 
 
 
3. EXPERIMENT DESCRIPTION 
 
 The experiment was conducted on the kilojoule-class 1.3 µm wavelength iodine laser of the Prague Asterix Laser 
System (PALS). This laser can deliver several synchronized beams at a repetition rate of 1 shot every 20 minutes. The Ne-
like zinc 21.2 nm 3p – 3s laser line was generated by using up to 500 J in a Gaussian 300 ps (FWHM) laser pulse focused 
in a line onto a 3 cm long zinc slab target. A pre-pulse containing approximately 0.5 – 1% of the total laser energy and 
delayed 10 ns before the main pulse was defocused and incident on the target [15]. The x-ray laser, generated by 
amplified spontaneous emission, was double-passed through the gain medium using a flat multilayer Mo:Si coated mirror 
with ~35% reflectivity. The x-ray laser beam, with 3 – 4 mJ of output energy, was aligned and sent into the adjoining 
chamber, as shown in the experimental setup of Fig. 4. A retractable footprint monitor multilayer mirror was used to 
check the output and the pointing of the x-ray laser. The x-ray laser probe beam was focused onto the laser-heated foil 
target by using a multilayer coated off-axis parabola delivering 1 mJ soft x-ray energy on target. The important focusing 
and alignment of the 21 nm probe was achieved by looking at the the damage spot on a thin polymethyl methacrylate 
(PMMA) target and adjusting the target to parabola distance. The soft x-ray probe beam size was typically 20 µm 
(FWHM) on the target. 
 
Figure 3: (a) LASNEX 1-D hydrodynamic simulations showing electron density versus spatial position for 0.8 µm aluminum foil 
irradiated at 1014 W cm-2 with a 300 ps (FWHM) 438 nm laser pulse. Laser is incident from the left and initial target 
position is at 0 µm. Times are relative to the peak of the laser pulse (t = 0 ns) and show density profile snapshot at 
potential Thomson probe times (t = 0, 0.25, 0.5, 0.75, 1 ns). (b) LASNEX 1-D hydrodynamic simulations showing 
electron temperature versus spatial position for 0.8 µm aluminum foil under similar laser conditions to (a). 
 The foil heating beam was frequency trebled to 438 nm and contained up to 15 J of energy in 300 ps (FWHM). The 
heating beam could be delayed relative to the x-ray laser beam in order to change the arrival time of the x-ray laser for 
probing the plasma. The delays were typically 0 – 1 ns where the x-ray probe arrived after the heating beam relative to the 
peak of the laser pulse to probe various stages of foil plasma expansion. The heating beam focus was ~150 – 200 µm 
(FWHM) in diameter. A high magnification imaging system was used to overlap the two laser beams, the heating beam 
and the x-ray probe, by taking several shots where each beam was focused individually at low energy onto a 1.2 µm 
polypropylene foil. The damage burn spots were then studied and the two beams were carefully overlapped. The main 
diagnostic was a 1200 line mm-1 variable-spacing flat-field grating spectrometer with a thermoelectrically cooled, back-
illuminated, charge-coupled device (CCD) 2048 × 512 (13.5 µm × 13.5 µm pixel) Andor DX440 camera. The 
spectrometer was set up to be operated without a slit by using the source size as a virtual slit. The initial alignment 
allowed the spectrometer to directly look at the x-ray laser beam by looking from behind the target and along the focusing 
axis of the parabola. A thick 4.5 µm aluminum foil was placed in front of the spectrometer to attenuate the signal. The 
21.2 nm x-ray line was detected in the spectrum. The spectrometer was re-positioned as shown in Fig. 4 below, with a 0.8 
µm Al light tight foil, to observe the Thomson scattering signal at 30°.  
 
 
 
 
4. RESULTS 
 
 Spectra were recorded on the 1200 line mm-1 flatfield spectrometer from the two foil targets for different irradiances 
and delays relative to the laser pulse. The spectral resolution was determined to be λ/Δλ ~ 200. Results are presented for 
the case of the highest laser irradiance of 1014 W cm-2. The 0.8 µm aluminum foil was studied first and is shown in Fig. 5 
(a). Intense thermal emission lines were observed across the full spectral region of interest. It should be noted that the x-
ray laser lasts approximately 100 ps while the thermal lines will radiate over a substantially longer time of nanoseconds. 
 
 
Figure 4: Experimental setup for soft x-ray Thomson scattering of laser-heated plasma. The x-ray laser is generated in adjoining 
chamber and focused into exploding foil using an off-axis parabola. Flat-field spectrometer observes Thomson scattered 
signal 30° in the forward direction. 
The main conclusion from the result below was that the weaker Thomson scattering signal would be difficult to detect 
among the forest of highly ionized aluminum emission lines. The choice of the time-integrated but higher dynamic range 
CCD detector, when compared to a streak camera, was justified to help in the detection of the scattered signal. Other 
interesting features were observed for the lower irradiance conditions on aluminum plasmas (not shown here). There 
appeared to be asymmetric lines and broad spectral bands that were thought to be due to the expansion of the plasma due 
to the cold flyer plate. This complicated the interpretation of the spectrum and is currently under detailed analysis. 
 
 
 
Figure 5: (a) Spectrum from 0.8 µm Al foil irradiated at 1014 W cm-2. The aluminum L-edge at 17.05 nm from light tight 
spectrometer filter is labeled in both spectra. Spectral position of the 21.2 nm x-ray laser line is indicated. (b) Spectrum 
from 1.2 µm polypropylene foil irradiated under similar conditions. Fewer thermal emission lines are observed. The strong 
carbon Balmer-α line at 18.2 nm is labeled. 
 
 
 The 1.2 µm polypropylene target was found to be a better candidate plasma with fewer emission lines in the region of 
interest of a few nanometers either side of the 21 nm probe wavelength. The strongest thermal emission line in the 
spectrum was the hydrogen-like carbon Balmer-α line at 18.2 nm and is identified in Fig. 5(b). Again, at lower laser 
irradiances, asymmetric lines were observed to be present and all spectral features appeared to be attenuated by cold 
material at the back of the target. The carbon Balmer-α line and Balmer-β line at 13.59 nm were observed on all shots and 
were found to be spectrally narrow. This would support the idea that lower charge states of carbon may be emitted from 
the cooler extended plasma that was drawn by the flyer plate. A smooth bremsstrahlung continuum emission was the main 
feature in the region of interest with one or two extremely weak lines also present around 21 nm. These were observed 
with or without the x-ray laser probe. There was some indication of a possible enhancement of these weak features when 
the x-ray laser was fired [16]. The attenuation of the x-ray laser scattered signal by the cold material would be mitigated 
by two-sided laser heating and give a more uniform temperature plasma. This would also eliminate the flyer plate 
geometry. The most significant advance would be to carefully select the foil thickness to ensure burnthrough during the 
laser pulse. 
 
 
5. DISCUSSION AND CONCLUSIONS 
 
 In summary, we have described a Thomson scattering experiment at soft x-ray wavelengths on a laser-produced 
plasma. Calculations were conducted for the spectral satellites of the electron scattering features and predicted conditions 
for incoherent collective scattering. Estimates of detected scattered photon number indicate a sizeable fraction of scattered 
photons that results in a low x-ray fluence and a fairly weak signal at the detector. Hydrodynamic plasma modeling and 
simulations of the Thomson scattered features for expected density and temperature conditions were presented. A 
preliminary experiment was performed using the PALS 21.2 nm x-ray laser. The overall geometry and setup was 
successfully tested in probing a laser-heated plasma with approximately 1 mJ of probe energy. Two exploding foils were 
studied at different laser irradiances. The 0.8 µm aluminum foil was found to contain many, strong thermal emission lines 
in the region of 21 nm. This made it unsuitable for detecting the weak Thomson scattered feature. In addition it was clear 
from the observations and the hydrodynamic simulations that the laser did not achieve foil burnthrough. Polypropylene 
was more suitable having a spectrally cleaner emission region at 21 nm with mainly bremsstrahlung continuum 
contribution. However, the presence of cold material at the back of the exploding foil results in significant absorption of 
the x-ray signal. The overall conclusion here is that the choice of foil material, thickness, laser plasma conditions, and 
irradiation geometry are important for optimizing the signal. Other improvements to be considered in the future include 
the use of a high-resolution, imaging spectrometer with collection optics to increase the signal. With sufficient signal the 
use of a time-resolved detector would discriminate against the long tail from the thermal emission.  
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